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FUEL-CELL FUELS, METHODS, AND SYSTEMS 

CROSS-REFERENCE TO RELATED APPLICATIONS ' 

This application claims the benefit of the filing dates of, and fully 
incorporates by reference for all purposes, U.S. Patent Applications Serial Nos. 
60/127.465, filed March 31 , 1999 (provisional), 60/161 .659, filed October 21 . 1999 
(provisional), and 09/499.690, filed February 8, 2000 (regular). 

5 TECHNICAL FIELD OF THE INVENTION 

The present invention relates to fuel cells, and more particularly, to fuel-cell 
fuels, to methods of making such fuels, and to fuel-cell powered systems, for 
example fuel ceil systems powered by such fuels and light hydrocarbon 
conversion systems powered at least in part by fuel cells employing such fuels. 

10 BACKGROUND OF THE INVENTION 

Available technical literature indicates that fuels may be used in a fuel cell 
indirectly or directly, that is. with or without preliminary treatment in a fuel cell fuel 
processor, e.g., a reformer, to liberate hydrogen from the fuel. In the former case, 
which presently appears to be of principal interest to researchers, the processor 
1 5 and fuel cell cooperate, for example they may be fluidly inter-connected, to form a 
fuel cell system in which hydrogen liberated from fuel in the processor is fed to the 
fuel cell and there converted to electricity. In the latter case, the fuel cell system 
includes a fuel cell and possibly other components, but does not include a 
processor. 

20 The present fuels of choice of the fuel cell industry are methanol, methane 

and propane, although interest has also been shown in gasoline derived from 
petroleum. Common fonns of these fuels suffer from the hazards of, and/or the 
expenses of avoiding, one or more serious problems. Among these are fuel cell 

1 
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=a.a,vs..deb«i,a,i„g s.„u, con.en, wa,e, sCubilily * ensuing enwon™n,a, 
dangers, ,ranspor,a,icn and storage comp,lca,i„ns and unsui,abili,y ,or dls,nbu«on 
.n e>os„ng d,s.*u,ion in,ras,ruc,.e. Con„n„ed in,eres, In these ,ue,s, desp.e 
.heir disadvantage., bears n,u,e testimony to existence o, an unbilled need for 
.mp,o«d oe„ ,ue,s. The present Invention Is intended to address this nejd 

SUMMARY nPTi-iF l^|vp,^,-^|p,., 

In a first aspect, the present invention includes a fuel cell fuel that may 
compnse or be composed substantially of synthetic products of Fischer-Tropsch 

Passing . ncludingparaffinic and optionally iso-paraffinic hydrocarbons, and 
contammg less than 0.001 weight percent sulfur. 

than 5 ! Z '''''' -ntains less 

than 5 weight percent of aromatics. 

In another embodiment of said aspect, the fuel cell fuel comprises tail gas 
of substantially Cs or less. ^ 

boilino 'in r 

boiling in the range Of CS-C20. 

in 3,1,1 another etnbodinten. o, the ,irs, aspect, the fuel celi fuel comprises 
™re hydrogen than C. preferably C. and ™. preferably C, hyd,.carbon 
species, or more hydrogen than gasoline derived from petroleum. 

in a second aspect, the present invention Includes a fuel cell fuel which 
may compnse or be substantially composed o, synthetic ,i,UKl, gaseous and/or 
^pomus products, pteferabiy predominantly by weight llquia products, of Rscher- 
Tropsch processing, which have optionally been hydroisomerized and/o, 
hydroctacked, including paraffinic and optionally iso-paraftinic hydrocarbons 
ha«g up to aboot ,8, up to about 20 or up to about 22 carbon atoms ' 
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In certain embodiments of either of the foregoing aspects, said fuel cell fuel 
may contain less than 5 weight percent or less than 1 weight percent of aromatics 

In certain other embodiments of either of the foregoing aspects, said fuel 
cell fuel may contain small or substantial amounts of alcohols, if any, small or 
5 substantial amounts of unsaturates other than aromatics, if any. negligible 
amounts of S, and, preferably, only negligible amounts of N. In this context, 
negligible means insufficient in amount to require removal for successful use of 
the fuel containing same as a fuel cell fuel. 

As is known to those skilled in the art, products of Fischer-Tropsch 
10 processing are products of methylene chain-propagating reactions of hydrogen 
and/or light hydrocarbons with CO in the presence of a methylene chain 
propagating catalyst(s). such as an iron, cobalt, rhenium or ruthenium catalyst of 
the types used in Fischer-Tropsch reactions, which are usually supported 
catalysts and may include promoters. Preferably, the reactions are conducted 
1 5 under non-shifting conditions, which are described in the Fischer-Tropsch 
literature. 

In the descriptions of the foregoing aspects and embodiments of the 
invention and in the descriptions of other aspects and embodiments of the 
invention which follow, indications that fuels or fuel components include 
20 hydrocarbons or other compounds in a particular range of carbon numbers, such 
as up to about C22 or in the range of about Cio to about C20, are intended to 
indicate, unless the context clearly indicates the contrary, that these compounds 
may be distributed substantially throughout the stated range or may represent 
only a portion/portions of that range. 

25 Fuels according to the invention may comprise or be composed 

substantially of hydrocarbons in the Ci to C4 or Ci to C5 ranges. In many 
embodiments, the fuels will be composed predominantly, on a weight basis, of 
hydrocarbons in a range of at least about C4 or C5 and higher, e.g.. in a range of 
about C5 to about C20. in a range of about C5 to about Cis. and in the ranges of 

30 about C5 to about C9 and about Cio to about C20. 
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aso J °' """" °' '-=9*9 

aspecte comp„se3 a ligh. Rsche.Tropsch ,i<,uid containing a, leas, 77 w, % 

norma, and ,so-para„i„s, ,ess than 20% w,. % oiefins, iess than 9 w, % aicoho,s 
less ,ha„ 0.00, M. % su„ur, and less ,han 5 w,. % aromato. 

5 The or portions o, ,he luel, n,ay have been subjeced ,o hydrogenata 

and/or hydrocracklngtremmen,. "nyarogenafton 

""'"'ion con,empla,es fuels prepared by subieouna a 
F^e.Trops^ li^ld p^ddC Which .ay include hydrocarbons! ,h tge o. a, 

'-«*-0.ora.,ea«abo„,C„p,e,erab,yup,oab„u,C...orhigber by 
0 su .ec^n, ^e hydrocarbons .0 hvd™.,ea.ng a„d/cr bydrocraCIng, and b^ 
separatng me produo, o, hyd,o.rea«ng and/or hydrocraCIng a ,uel or ,ue< 

ZZZ : '-^"'^ - °' -oJcZ 

°lZ'''"'"™""'=""'°-°--'=---'C».orlyo,her 

aspec. Of .hepresen. invent, a Flscher-T^psch 
fuel ce„ ,„ei ,s ,or„„ed as a b,end o, one or more a,cohols ,up ,o 9 ^jld 

F^cber^rrcpsch product The alo^ols .ay ln.„de n«».a„ol, e,han^ p. 1, 

and/or bu,anol .ey be process alcoh.s, arK.or .ay be ,ro. o,her sZes. 

Or ,be ,„e, ceil ,„e, .ay be a blend o, Flscher-Tropsch prod^, con,aW„, 
^orn70 o.ore,ha„99w,.%no.,^and,so^,a««ln,,essmanao%M % 

abou, 9 w,. based on ,he ,o,a, weigh, o, blend, o, alcohol or alcohols 
comprising a, eas, one .e.ber o, ,he g^up co„sls«ng o, .emanol, e,hano, 

propanol and butanol. ' 



in ano»,er embodiment o, the second aspect o, the invention, me ,uel«l, 
W may be a light Rscher-Tropsch IK,* having: a, teas, abou, 20 .ore 
ParttcularV a. leas, abou, 50, preferably at least about 77 and more ^r rablv a. 
^s. abou. 95 w,. % o, no,™, a„*or Iso-paratfins; iess ,han abo 0 I^e 
Part^larly ,ess man abou, 50, preferably lass than abou, 35 and more pr^Ly 

4 
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less than about 20 wt. % olefins; less than 5 or less than 1 wt. % aromatics; less 
than 9. more particularly less than 5, preferably less than 1 and more preferably 
less than 0.1 wt. % alcohols; preferably less than 0.001, more preferably less than 
0.0005 and still more preferably less than 0.0001 wt. % sulfur; and preferably less 
5 than 0.050. more preferably less than 0.010, still more preferably less than 0.001 
and yet more preferably less than 0.0005 wt. % nitrogen. 



In yet another aspect, the fuel cell fuel may be composed predominantly, 
on a weight basis, of material in the C9-C22 range, and Include material boiling 
above and below 700 degrees F. At least about 50% by weight of the material 

10 boiling above 700 degrees F. has been subjected to treatment with hydrogen 

under conditions sufficient to saturate at least a portion of any aromatics and/or 
other unsaturates that may have been present therein. Moreover, the fuel 
comprises at least about 99, at least about 99.3 or at least about 99.5% by weight 
of normal- and/or iso- paraffins based on the total weight of hydrocarbons, and 

1 5 has less than about 500, or less than about 200, or less than about 1 00, or less 
than about 50, or substantially zero ppm of unsaturates, based on the total weight 
of said fuel. The latter also has a cetane number of at least about 70, at least 
about 74 or at least about 75, and contains less than about 1 ppm, less than 
about 750 ppb, less than about 500 ppb or less than about 300 ppb each of S and 

20 N, based on the total weight of the fuel. 

According to a preferred embodiment, the fuel hydrocarbon content is 
composed predominantly, or substantially, or entirely of material prepared by 
Fischer-Tropsch synthesis. 

In still another embodiment, the hydrocarbon content of the fuel has an iso- 
25 to nomnal- paraffin weight ratio in the range about 0.02:1 to about 20:1 . or in the 
range of about 0.1:1 to about 15:1. or in the range of about 0.5:1 to about 12:1. 

In other embodiments, (a) at least about 50% by weight of the material 
boiling below 700 degrees F., or (b) substantially all of the material boiling above 
700 degrees F., or (c) substantially all of the material boiling below 700 degrees 
30 F.. or any combination thereof, has been subjected to treatment with hydrogen 
under conditions sufficient to saturate at least a portion, a substantial portion, or 
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substantially all. of any aromatics and/or other unsaturates that may have been 
present therein. 

In still another embodiment, the fuel is composed predominantly or 
substantially, or entirely of material prepared by Fischer-Tropsch synthesis and 
substantially all of the material prepared by Fischer-Tropsch synthesis has been 
subjected to treatment with hydrogen under conditions sufficient to saturate at 
least a portion, a substantial portion, or substantially all. of any unsaturates and/or 
alcohols that may have been present therein. 

In particularly preferred embodiments, the fuel contains less than about 
200. less than about 100. less than about 50 or substantially zero ppm of C.-C^. 
pnmary alcohol oxygenate, as oxygen, on a water free basis, based on the total 
weight of said fuel. 

There are also embodiments of the invention in which the fuel has a flash 
point, as measured by ASTM D-93 of at least about 80 degrees F. or at least 
about 100 degrees P.. or at least about 120 degrees F. or at least about 150 
degrees F. 

In other embodiments, the fuel has a flash point, as measured by ASTM D- 
93. ,n the range of about 80 to about 150 degrees F.. or in the range of about 90 
to about 130 degrees F. 

Another aspect of the invention is a method of manufacturing a fuel cell 
fuel comprising: preparing a Fischer-Tropsch product; separating from the 
Rscher-Tropsch product a light portion comprising material in the range of Cs to 
Cao or Cas having at least 77 wt. % nomial and iso-paraffins. less than 20 wt % 
Olefins, less than 9 wt. o/, alcohols, less than 0.001 wt. o/. sulfur, and less than 5 
Wt. % aromatics. 

The invention also includes certain improvements representing preferred 
embodiments of the foregoing general method. In one such embodiment the 
step of separating comprises separating from the Fischer-Tropsch product a light 
Fischer-Tropsch liquid having less than 1 wt. % aromatics. 
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Another embodiment of the method of manufacturing a fuel-cell fuel further 
comprises the step of hydrogenating the light portion. 

According to another embodiment of this method of manufacturing a fuel- 
cell fuel, the separated light portion makes up the fuel cell fuel. 

5 Yet another embodiment of this method further comprises: separating from 

the Fischer-Tropsch product a heavy portion comprising material in the range of 
Cau'i hydrocracking the heavy portion to produce a hydrocrackate; and separating 
material in the range of C5 to C20 from the hydrocrackate. 

In one optional way of performing the last-mentioned embodiment, the 
10 material in the range of C5 to C20 separated from the hydrocrackate makes up the 
fuel ceil fuel. 

Another optional way of performing the method of manufacturing a fuel-cell 
fuel and various embodiments thereof comprises the step of hydrogenating the 
light product stream. 

15 In other optional ways of performing the method of manufacturing a fuel- 

cell fuel and various embodiments thereof, the hydrocrackate and the 
hydrogenated light portion make up the fuel cell fuel. 

According to a preferred embodiment of the foregoing method, the 
separated light Fischer-Tropsch liquid comprises a fuel additive; and said fuel 
20 additive is added to a petroleum fuel feedstock to provide a product with less than 
about 0.05 wt. % sulfur and less than about 10 wt. % aromatics, and wherein the 
resultant product comprises the fuel-cell fuel. 

Any of the above-described fuels may be used as the sole fuels or as 
blends containing these fuels and one or more other fuel component(s), such as 
25 alcohols or petroleum-based fuels, in fuel cell systems and in systems powered by 
fuel cells. 
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Thus, yet another aspect of the invention comprises a fuel ceil system as 
above described, containing any of the above-described fuels according to the 
.nvention. whether as the sole fuel or as an additive to or blend with another fuel 
component(s). 

Moreover, the invention includes fuel cell powered systems, such as aerial 
marine or land vehicles or homes or businesses containing appliances i e ' 
heatrng or cooling units or other devices, that are electrically inter-connected with 
a fuel cell system containing a fuel according to the invention. 

A specific example of a fuel cell powered system according to the invention 
.s a conversion system for converting light hydrocarbons into heavier 
hydrocarbons. It includes: a synthesis gas subsystem for receiving light 
hydrocarbons and. optionally, other synthesis gas forming reactants. such as 
steam and/or oxygen-containing gas. and for developing a synthesis gas 
therefrom; a synthesis subsystem fluidly coupled to the synthesis gas subsystem 
for receiving synthesis gas therefrom and producing heavier hydrocarbons 
therefrom; a fuel cell processor fluidly coupled to the synthesis gas subsystem for 
rece,ving synthesis gas therefrom and preparing the synthesis gas for use in a 
fuel cell as a hydrogen-containing gas; and a fuel cell coupled to the fuel-cell 
processor for receiving a hydrogen-containing gas therefrom and producing 
electrical power. The electrical power may be fed to power-consuming devices 
such as lighting, heating and pumping or compressing facilities, within or without 
tne hydrocarbon conversion system. 

According to a preferred fom, of the specific example of the invention 
described in the preceding paragraph, the synthesis subsystem is adapted to 
produce heavier hydrocarbons and tail gas and the fuel cell processor is adapted 
to prepare the tail gas for use as a hydrogen-containing gas in the fuel cell to 
produce electrical power. 

According to yet another aspect of the present invention, a conversion 
system for converting light hydrocart^ons into heavier hydrocarbons includes a fuel 
cell system for receiving light hydrocarbons and. optionally, other synthesis gas 
form,ng reactants. such as steam and/or oxygen-containing gas. for generating a 
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10 



15 



20 



first synthesis gas and electrical power; and a synthesis unit coupled to the fuel 
cell for receiving a first synthesis gas therefrom and generating the heavier 
hydrocarbons therefrom. 

In a preferred embodiment, the conversion system of the foregoing aspect 
further comprises a synthesis gas unit operable to produce a second synthesis 
gas, the synthesis gas unit being fluidly coupled to the synthesis unit. 

Another aspect of the invention is a method of operating a fuel cell to 
produce electrical power. Thus, in one embodiment, the invention includes a 
method which comprises the steps of: providing a fuel cell fuel that may comprise 
or may be composed substantially of synthetic products of Fischer-Tropsch 
processing, including paraffinic and optionally iso-paraffinic hydrocarbons, and 
containing less than 0.001 weight percent of sulfur; and supplying the fuel cell fuel 
to the fuel cell to produce electrical energy therefrom. 

In another embodiment of this aspect, the method of operating a fuel cell to 
produce electrical power comprises the steps of: providing a fuel cell fuel that may 
comprise or be substantially composed of synthetic liquid, gaseous and/or 
vaporous products, preferably predominantly by weight liquid products, of Fischer- 
Tropsch processing, which have optionally been hydroisomerized and/or 
hydrocracked, including paraffinic and optionally iso-paraffinic hydrocarbons, 
having up to about 1 8. up to about 20 or up to about 22 carbon atoms. 

In another embodiment, the fuel cell operating method comprises the steps 
of: providing a fuel cell fuel comprising a light Fischer-Tropsch liquid having at 
least 77 wt. % normal and Iso-paraffins. less than 20 wt. % olefins, less than 9 wt. 
% alcohols, less than 0.001 wt. % sulfur, and less than 5 wt. % aromatics; and 
supplying the fuel-cell fuel to the fuel cell to produce electrical energy therefrom. 

Any of the embodiments of these methods of operating a fuel cell may 
further comprise the step of providing a fuel cell fuel containing less than 5 or less 
than 1 weight percent of aromatics. 
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Moreover, the foregoing methods of operating a fuel cell may include the 
use of a fuel cell fuel which is a blend of said light Fischer-Tropsch liquid 
containing from 70 to more than 99 wt. % normal and iso-paraffins. less than 20 
wt. % olefins, less than 0.001 wt. "A sulfur, less than 5 wt. % aromatics and up to 
about 9 wt. %. based on the total weight of blend, of alcohol or alcohols 
comprising at least one member of the group consisting of methanol, ethanol. 
propanol and butanol. 



ADVANTAfiF.c; 



Although all of the embodiments included within the scope of the invention 
will not possess all of the following advantages, certain preferred embodiments of 
the invention will be found to exhibit one or more of these advantages. 

The preferred fuel cell fuels based on Fischer-Tropsch liquids provide on a 
per un.t fuel volume basis, high yields of hydrogen from a fuel cell fuel processor 
It w,ll be Shown to what extent certain preferred embodiments of the Fischer- 
Tropsch based fuel cell fuels can provide greater energy density than other fuel 
cell fuels, such as methane and methanol. It appears that the theoretical 
hydrogen yield of Cs-C, F-T fuel cell fuel is approximately 90 % greater, by 
volume, and approximately 110% greater, by mass, than that of methanol. 

It appears that a fuel cell power generation station, or buses using synthetic 
gasolme-range paraffin, could generate greater than 87% more energy from a 
given volume of fuel than from the same fuel cell using methanol, based on non- 
■deal conversion to and CO. Vehicles using such a fuel could travel almost 
twice as far as the same vehicle using methanol or methane. 

Certain embodiments of the fuel-cell fuel can readily be handled in the 
same fuel distribution systems used for distributing and dispensing internal 
combustion engine fuels such as gasoline and diesel fuel. Thus, refueling would 
be no more complicated than fueling a car today, and would involve none of the 
toxicity concerns of methanol 
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With a fuel cell fuel from the Fischer-Tropsch process as described herein, 
that contains substantially no sulfur, no or minimal aromatics, and only small 
amounts of olefins and alcohol, many of the present complications of gasoline 
reforming for fuel cells are eliminated. Fuel cell fuel processor systems no longer 
5 need to scrub sulfur, chorine, and metal from the processor gas stream. The task 
of removing sulfur from the hydrogen feed stream before it can damage the fuel 
cell is all but eliminated. Implications of a clean, substantially sulfur-free fuel cell 
fuel with no or minimal aromatics are interesting. 

F-T (Fischer-Tropsch)-alcohol fuel cell fuel blends in which paraffins are 
10 replaced by alcohol{s) of equivalent or lesser carbon number have lower pour- 
point temperatures than those of F-T neat. This is due to the presence of the 
alcohol or alcohols in the blends. Thus, such blends may have lower start-up 
temperatures in the presence of some catalysts. These blends also have a 
hydrogen carrying capacity which is higher than that of pure alcohol or alcohol fuel 
15 cell fuel blends and proportional to the F-T component of the F-T-alcohol blend 
fuel ceil fuel. 

Another advantage is that the fuel-cell fuel can be made from feedstock 
natural gas generally available worldwide. 

Still another advantage is that including a fuel cell as an aspect of a 
20 conversion system for converting light hydrocarbons to heavier hydrocarbons can 
result in improved system efficiency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are illustrative and non-limiting, include 
illustrations of embodiments of the invention and its advantages. 

25 FIGURE 1 is a schematic diagram of a system for converting light 

hydrocarbons into heavier hydrocarbons, including a fuel-cell fuel. 
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FIGURE 2 is a bar chart, based on theoretical calculations, showing the 
relat.ve hydrogen yields of a number of species, including an embodiment of the 
present invention. 

FIGURE 3 is a schematic diagram of a conversion system for converting 
Lghter hydrocarbons into heavier hydrocarbons according to the invention. 

FIGURE 4 is a schematic diagram of another example of a conversion 
system for converting lighter hydrocart^ons into heavier hydrocarbons according to 
an aspect of the present invention. 

FIGURE 5 is a schematic diagram of yet another conversion system for 
converting lighter hydrocarbons into heavier hydrocarbons in which a fuel celf is 
used at least in part to produce synthesis gas. 

' ^ ^^^^^n^atic diagram of a system for hydrogenating a portion 
Of the F-T product stream, 

FIGURE 7 is a schematic diagram of a system for hydrocracking all of the 
F-T product. 



. DESCRIPTION OF VARIO. i.<^ ANin Pnccc RR^n FMPnn.K.cK^.> 

For a more complete understanding of the present invention and 
advantages thereof, reference is now made to the following description of various 
.ilustrafve and non-limiting embodiments thereof, taken in conjunction with the 
accompanying drawings in which like reference numbers indicate like features. 

A. Introduction to The Fischer-Tropsch Process 

The Rscher-Tropsch reaction for converting synthesis gas. which is usually 
Pnmanly CO and H. has been characterized in some instances by the following 
general reaction: 
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2H2 + CO ^ H("CH2-)nH +H2O 
Catalyst 

The hydrocarbon products derived from the Fischer-Tropsch reaction range from 
some methane to high molecular weight paraffin waxes containing more than 50 

5 carbon atoms (n = 1-50). Both normal- and iso- paraffins, including both 

saturated and unsaturated hydrocarbons, and some aromatics and alcohols, may 
be produced. In practice, the mole ratio of H2 and CO used to conduct the 
reaction varies. It has been suggested that this ratio can vary from about 1:1 to 
about 3:1 (H2/CO). The synthesis reaction is exothermic and temperature 

10 sensitive whereby temperature control is required to maintain desired hydrocarbon 
product selectivity. 



Numerous catalysts have been used in carrying out the Fischer-Tropsch 
reaction, such as iron-, cobalt-, rhenium- or ruthenium- based catalysts. Cobalt- 
based catalysts, supported on an alumina or other suitable support, are preferred 
1 5 for use in the present invention. 



Operating conditions that minimize formation of carbon dioxide byproducts 
are preferred. Thus, non-shift Fischer-Tropsch reaction conditions are preferred, 
and these can be achieved by a variety of methods, including one or more of the 
following: operating at relatively low carbon monoxide partial pressures, that is, 

20 operating at hydrogen to carbon monoxide ratios of at least about 1 .4:1 to about 
2.5:1 , more particularly about 1 .7 to about 2.5:1 , more particularly at least about 
1 .9:1 and still more particularly in the range of about 1 .9:1 to about 2.3:1 for a 
cobalt-based catalyst. Operating with ratios below 2:1 may be of assistance in 
minimizing water deactivation of cobalt-based catalysts. Optimum ratios for other 

25 F-T catalysts may vary. 

B. Synthesis Gas Production 



Synthesis gas may be made from natural gas, gasified coal, and other 
gaseous raw materials. Three basic methods have been most frequently 
mentioned as useful for producing the synthesis gas ("syngas"), which is 
30 substantially carbon monoxide and molecular hydrogen, utilized as feedstock in 
the Fischer-Tropsch reaction. These include steam reforming, partial oxidation or 

13 
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au,o,.ar.a„e,or.„3^ For example, s.. U.S. Paten, 2,552.308. Howave, i,has 
bes .,,es,ed ,ha, .,a„ve, ,ow temperature p,as.a ,H,H v.,«ge ton, J„ 
..eld, „ea.n,e„, o, ligh, hydrocarbons, with or without some oxygen present i, L 
useful for making synthesis oas an =,.,„,., . yuon present, is also 

g y hesis gas. An autolhennal reformer utilizes steam with 
ac^. (oxygen-oontaining gas,, tor example air, enriched air, or oxygen. The 

-^-^"^ = cos. ,s .yp,o.. 

The autothermal process results In lower hydrogen to carton monoxide 
ra o ,n the synthesis gas than does steam reforming alone. That is the steTm 
refon^tng reac^on with methane results in a .„o o, about 3:, or highe ^^ the 
pad at o»da.on of memane results in a ratio of less than about 2:1 A g 
for the hydrocarbon synthesis reaction carried oMf=,,„ . «90<>d ratio 

a cobal. catalys. is about 2-, or lessTuZ T " ""^"^ 
. , "^•^""''^^''""" ■S. When the feed to the 

au^emta, reforming process is a mixture of tight sho„er.haln hydrocarb n 

is T""' "™ °' ™y be regut i, i, 

s de ired to maintain the ra«o of hydrogen to ca*on monoxide in the syn^s 

her.:r'"°"'='" "''^'-----"-CO.maybea 
ZZsir ^™ ^""^ '"^^ serein for 

C. ILLUSTRATIVE CONVERSION SYSTEM FOR PRODUCING FUEWELL 



FUELS 



presented Z: ' " ' "~P«^ =y=.em Is 

presented. Conversion system „o Is preferably a Fischer-Tropsch system for 
onver^ng lighter, shoner^haln hydroca*ons to heavier, longeriar 
h^roc^rbons. System " 0 has a synthesis gas system, in thl case synthe.s 
gas subsystem „2, and a synthesis subsystem 1,6. ^e synthe^s 
subsystem , ,2 receives a plurality of feedstocks and p^duls s"Z is gas 
: :* '"""^^ ^^--'V ^^--S- and ca^on mono.de; The sy^Tr,!"; 

are fenced. As ™,l be described lunher below, one or more of the pluLlty of 



wo 00/61707 




PCT/USOO/08299 



feedstocks may be enriched with respect to carbon through a stripper (or 
contaminant removal) subsystem 1 14. The stripper subsystem 114 strips or helps 
to remove contaminants from one or more byproduct water streams delivered to it 
from the synthesis gas subsystem 1 12 and/or the synthesis subsystem 116. 

5 The plurality of feed streams to the synthesis gas subsystem 1 12 may 

include an O.C.G.. oxygen-containing gas, such as air or enriched air, which is 
shown delivered through conduit 118; steam, which is shown delivered through 
conduit 120; a low-BTU residue, or tail gas. which is delivered through conduit 
122; and light hydrocarbons, which are shown delivered through conduits 123 and 
10 124. The hydrocarbon feedstock delivered through conduits 123 and 124 is a 

hydrocarbon feedstock that has been carbon enriched by stripper subsystem 114, 
The synthesis gas prepared by synthesis gas subsystem 1 12 is delivered through 
synthesis gas conduit 126 to synthesis subsystem 116. 

Synthesis gas subsystem 112 may utilize a partial oxidation system, a 
15 steam reformer, an autothermal reformer, or a plasma syngas generator, using 
air, enriched air, oxygen, or other oxygen-containing gas or gases. By "enriched 
air," is meant air, the oxygen content of which has been increased to above that of 
standard air, i.e., above about 21 percent oxygen. 

Synthesis subsystem 116 receives synthesis gas from subsystem 1 12 and 
20 uses a reactor or reactors with a catalyst to produce heavier, longer-chain 

hydrocarbons preferably using the Fischer-Tropsch reaction. Any suitable Fischer- 
Tropsch catalyst may be used. The catalysts include cobalt or iron as the primary 
catalysts, preferably supported cobalt, and more preferably supported cobalt 
where the support may be silica, alumina, silica-alumina or Group IVB metal 
25 oxides, e.g. titania. Promoters may also be employed, e.g. ruthenium, rhenium, 
titanium, zirconium, hafnium. Whereas various catalysts can be used to convert 
synthesis gas to Fischer-Tropsch liquids, supported cobalt catalysts are preferred 
in that they tend to produce primarily paraffinic product. 

The synthesis subsystem 1 16 produces a heavy Fischer-Tropsch liquid and 
30 light Fischer-Tropsch liquid that are separated. The heavy Fischer-Tropsch liquid 
is delivered into conduit 128 where it may go to storage or to be hydrocracked and 

15 
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men go ,o s,abi,iza,ion o, direCy ,„ storage. T^e «gh, Fisoher-Tropsch liquid 
(prefarabl, abou, C, .o abou, C,e, Is delivered imo condul, ,30. ,rom .*era I, may 
proceed to storage or on to, ottrer processing or use. The tight Fischer-Tropsch 
itquid ,s essentially a flash product that has been flashed at temperature and 
pressure such that the liquid contains a broad boiling range, about C. to about 0„ 
wtth a beli-curve type distnbution. The light Fiscber-Tropsch liquid will 
substantially ovedap the heavy Fischer-Tropsch liquid. At room temperatute the 
^h. Fischer-Tropsch liquid is a liquid and the heavy Fischer-Tropsch liquid is' a 

A low BTU residual gas or tail gas (substantially Cs or less) is separated 
from the light F-T liquid product stream and delivered into conduit ,22 The 
residual or tail gas delhrered into conduit ,22 may be returned to the synthesis 
gas suhsystem „2, where it n,ay be used as a tuel for a combustor o, a turtine, 
as fuel for bumars used within subsystem „2, or for other useful purposes 
Synm^s subsystem „6 also produces process condensate stream or byproduct 
water that ,s delivered into conduit ,32. which delivers the aqueous byproLuo 
2Per subsystem , U. S^thesis gas subsystem , ,2 also produces process 
«^de„sate stream or byproduct water, whl* is also earned to stnpper subsystem 

1 m^ a condt^t ,34, The synthesis subs^em „6. which preferably includes a 
^h«.T,^sch reactor, p^duces aqueous byproducts. As noted eadler. the 
synthesis gas subsystem „2. whi* includes an au.ote«m,al reformer, produces 
aqueous byproducts that in^ude contaminants such as ammonia and other 
nitrogen species. 

Before the aqueous byproduct streams from subsystems „2 and „6 may 
be disposed Of or utilized e,se.*ere in the process, contaminants should be 
substanttally removed or lowered to safe levels, and for this reason, a s«,pper 
s sys,em , , . is included as an important aspect of the p^en. lnven,on t L 
^.ed wa er from which the contaminants have been substant^lly amoved by 

*ppersubsystem 1 14 is deliveredtoconduit ,38. The processalcohols in 
c ndu,t ,24 stripped from byproduct streams ,32 and,or ,38 may be separated 

2 :srr'"''""~'"'"^'^-™'"='---''^-*'' 

1 28. ,f desrred. The process alcohols are p^duced during production of the F-T 
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liquids. For example, the product water from the F-T reactor may include 
methanol and ethanol that can be captured and reintroduced to form a fuel-cell 
fuel. Up to 9 wt. % alcohol is the preferred range. 



From there the treated water may be delivered to other parts of system 
5 110, such as for use as boiler feed water in a closed loop cooling system 

associated with either a reactor in synthesis gas subsystem 112 or a reactor, such 
as the Fischer-Tropsch reactor, of synthesis subsystem 116. Other Rscher- 
Tropsch systems may be used as well to produce the fuel-cell fuel described 
herein; for example, the systems shown in U.S. Patent 5,733, 941 or U.S. Pat. 
10 5,861 ,441 , both of which are incorporated by reference for all purposes, might be 
used. 



The light F-T liquid product delivered to conduit 130 may be further 
separated as necessary to produce a product in the range of from about C4 or C5 
to about C18 or to about C20 or to about C221 or in the range of about C10 to about 
1 5 CzQ or preferably in the range of about C5 to about C9, having the following 

characteristics: at least 77 wt. % normal and iso-paraffins, less than 20 wt. % 
olefins, less than 9 wt. % alcohols, less than 0.001 wt. % sulfur, and less than 10 
wt. % aromatics (preferably less than 5 wt. % aromatics, and more preferably still 
less than 1 wt. % aromatics). As such, the product makes a good fuel-cell fuel. 

20 The fuel based on F-T light liquid product may be further hydroprocessed 

(saturated with hydrogen) if desired. In addition, the heavy F-T product of conduit 
128 may be hydrocracked to a hydrocrackate in the range of from about C4 or C5 
to about C18 or to about C20 or to about C22. or in the range of about C10 to about 
C20 or preferably in the range of about C5 to about G9, which is useful as fuel cell 

25 fuel. The hydrocracking may include hydrotreating to reduce or remove 
unsaturation in the hydrocrackate. 

What has been referred to as the fuel-cell fuel above may be used as an 
additive or intermediate product to mix with conventional petroleum fuels, such as 
diesel , gasoline, jet fuels, etc., to arrive at a resultant fuel-cell fuel that has less 
30 than .05 wt. % sulfur and less than 10 wt. % aromatics. Other additives might be 
added as well. 
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The following chart shows calculated theoretical hydrogen yields for 
Fischer-Tropsch based fuels and other fuels processed in a fuel cell fuel 
processor. 



CO2 Yield (f^in.) 
Kq/L Kq/ko 

1 .08 1 .38 

1.47 1.87 

2.16 3.09 



Fuel 


Formula 


H2 Yield (Max) 
Kg/L Kg/kg 


Methanol 


CH3OH 


0.125 0.159 


Ethanol 


C2H5OH 


0.159 0.204 


Gasoline 


C7.3Hi4.eOo.i 


0.224 0.321 


F«T Fuel (one 






embodiment) 


C7.01H15.9 


0.235 0,336 



2.16 3.08 

Kg/L = kg of H. per Liter of fuel; kg/kg = kg of per kg of fuel. 

Compared to methanol, the F-T-based fuel can produce about 90 % more 
hydrogen based on fuel volume and 1 1 1 .ore hydrogen based on fuel weight 
after the water gas shift reaction in a fuel cell fuel processor. 

The bar graph of Figure 2 illustrates comparative H. yields achievable from 
refom^ng the species indicated therein, assuming complete conversion of 
equivalent volumes of those species to CO. and H. These relative yields assume 
complete water gas shift reaction. That reaction is defined as n C . 2n H.O ^ n 
CO2 + 2n H2. 



other systems and fuel cell fuels are discussed further below. 
D. FUEL CELL ENHANCED FISCHER-TROPSCH SYSTEM 

While Fischer-Tropsch derived fuel affords significant advantages to fuel 
cells, advantages may also be obtained in a Rscher-Tropsch system by 
mcorporating one or more fuel cells. Refemng to FIGURE 3. a fuel cell enhanced 
convers.on system 200 is presented. System 200 is in most respects a Rscher- 
Tropsch conversion system similar to that shown in RGURE 1. except a fuel cell 
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202 has been added to use a portion of the synthesis gas to generate electricity 
that may be used elsewhere in the plant such as to assist with compression. 

Light hydrocarbons 204 are delivered to a synthesis gas subsystem 206, 
which may be a partial oxidation system, steam reformer, autothermal reformer, or 
5 plasma type syngas generator. Steam 208, which may be used to adjust the 
molar ratios of the syngas, and oxygen-containing gas 210 are also delivered to 
the synthesis gas subsystem 206. The synthesis gas subsystem 206 produces 
synthesis gas 212 (substantially CO and molecular hydrogen) that is delivered to 
a synthesis subsystem 214, which is preferably a Fischer-Tropsch based system. 

10 The synthesis subsystem 214 produces a heavy product 217 (e.g., C14+, 

but predominantly C18+) that goes to storage 219, and a lighter product and water 
that are separated by separator 21 8. Water 220 can go for treatment and heavier 
products 222 (preferably C5-C18) that are separated go to storage 224 or for 
downstream processing. A light residual gas or tail gas 226 (preferably about Ci- 

15 Cs) is delivered to the synthesis gas subsystem 206 for use as fuel in addition to 
the light hydrocarbons. 

A portion of the synthesis gas is delivered to a fuel processor, e.g., water- 
gas-shift-and-clean-up unit 216, which processes synthesis gas 212 to produce 
hydrogen for use in the fuel cell 202. For example, unit 216 removes CO, which is 
20 a poison to some fuel cell catalysts. Some fuel cell designs perform the processes 
of unit 21 6 within the cell. 

Fuel cell 202 produces electricity 228 that may be used to drive various 
components in system 200 and may also be used external to system 200. For 
example, it is frequently desirable to include an air compressor as part of the 
25 synthesis gas subsystem 206 as is suggested by reference numeral 230 (or as 
part of a pretreatment unit) and the compressor may be powered altogether on in 
part by electricity 228 from the fuel cell 202. 

FIGURE 4 presents another possible embodiment of a fuel cell enhanced 
conversion system 300 that is analogous to that of FIGURE 3, except the fuel cell 
30 fuel processor unit 31 6 includes a reformer as well as water-gas-shift-and-clean- 
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upflue, processor oompor,en,s, ar,cl utilizes ,al, gas 326 Irom me synthesis 

water 320 for steam generation. Air is deiivared through conduit 323. Analogous 
components have .he same ias, two digits to, the raterence numerats. buttsZ 
0. .ng ,n the 20Os are in the 300s. The tai, gas 32S is deiivered to a tue, cT 

^TnZ '~-=*---*--up unit) and then deiiverad (as ue 
cell fuel of COj and Hj) to the fuel cell 302. 

'^'^^"ES presents another embodiment ot the present Invention ™-,h a 
.u^ cell enhanced conversion system that Is analogous to PIGURE 4 ex^l 
me source o, synthesis gas is also a source ot etactrica, power in a PislT 
Tr<^^ process. TH. analogous items have corresponding reference tiera. 
AS Show^ ,n this embodiment, a system 330 may have a ,ue, cell 332 as the 
soun^a of synthesis gas in a Fischer-Tropsoh process. 

o=n be used wfm a «devanety of different types of 
ue ca , .he ,ua, cell 332 o, this embodimen. is p.,a,ably an Interna r :! 
fuel celUuch as a Solid Oxide Fuel Cell (SOFC), .hat supplies both power and an 
0, a portion of .he synthe.s gas for system 330. Fue, 304, steam 300 Id an 
oxy^en^ntalnlng gas 3,0 are supplied to the fu^ cell 332 where It " conll 

» ele tnca, power and synthesis gas. Water v.por, .ail gas and/or other fuel and 
tacical, ca introduced Into the SOFC is convetted ,o H,, H,0, co lld ci 

Hydrogen concentration may be controlled by means o, pressure svWng 

2°rP«on or other method. CO. may be reeved for ,ecy«e or se,ueL,on 

U er appropnate circumstances, a po«ion o, the heat losses l«ad ™th ^ 

e ctrochemical production o, electHcal ener^ can be used for the refomf^g 

p : sT ZT' " -~ -""^ 

process. Other designs are possible. 

The synthesis gas is deiivered through conduit 312 to Fischer-Tropsch 
synthesis unit 31 4. Power is delivered to power conduit 334 fro. wherrl .o 
to supp y power for sv^tpm qcm 9^ 
-Jtedbyasl ' ^°'"~^'=^="-^"'--'»-'P-eras 
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As one alternative, system 330 may further include a second source of 
synthesis gas, such as synthesis gas unit 340 shown in dashed lines. Unit 340 
may be, for example, an autothermal reformer (ATR) or a partial oxidation unit 
(POX). If this alternative is used, the additional synthesis gas is delivered through 
5 conduit 342 to conduit 312. 

5. ADDITIONAL ILLUSTRATIVE FUEL CELL FUEL SYSTEMS 

The fuel cell fuel is preferably made through a Fischer-Tropsch system as 
previously mentioned. Numerous embodiments are possible, and a couple of 
additional systems are now presented. In one embodiment, substantially the 

10 entire F-T light liquid product is hydrogenated to make a saturated stream right 
away. It can for example contain hydrocarbons in the range of from about C4 or 
C5 to about Ci 8 or to about C20 or to about C22. Alternatively, portions of the light 
liquid product may be hydrogenated. These can for example contain 
hydrocarbons in the range of about C10 to about C20 or preferably in the range of 

1 5 about C5 to about C9. Preferably a C5 to C20 light liquid fraction, and preferably a 
C5- Cio portion, is used and preferably has at least 90 wt. % paraffin and less than 
10 wt. % alcohol and unsaturates. In another embodiment, the F-T product is 
separated into light and heavy portions and the heavy portion is hydrocracked 
and/or hydrotreated and blended with the light portion to produce the fuel cell fuel. 

20 Further, as described further below, the F-T product may be blended with 
alcohols and/or other substances to produce the fuel cell fuel. 

Referring now to FIGURE 6, a system 400 for producing a fuel cell fuel is 
presented. System 400 receives synthesis gas, preferably a nitrogen-diluted 
synthesis gas from a blown synthesis gas system using an oxygen-containing gas, 

25 through feed 402. Stream 402 is preferably a synthesis gas with H2 and CO in 

mole ratios within the ranges described above. A diluent is present which consists 
of N2, and may further have traces of air-related gases and combustion products. 
The synthesis gas feed 402 is delivered to Fischer-Tropsch unit 404 that contains 
a Fischer-Tropsch (F-T) reactor at conditions known to those skilled in the art 

30 which will produce paraffinic F-T products. 
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The ligh, gaseous effluent of ,he F-T uni, 404 Is delivered as feed 406 to 
coo„„g unl, 408. Stream 406 win include gaseous F-T reactor effluent * 
hydrocarbons synthesized from the synthesis gas in tf« range of 0, to C,. (or 
greater) as well as unspent synthesis gas. water, and diluent. Unit 408 cools and 
removes water from the feed. Tfte removed water is carried away as water 
s.eam 4,0. Stream 4,0 win also include some alcohols that may be stHpped 
alfo™„g the water to be used elsewhere if desired. The liquid product separated 

light CIS that are preferably C.-C,. paraffins, olefins, and alcohols. The gaseous 
rema,^. or tailgas, of cooling unit 408 are discharged as stream 4,6 which rmy 
be u^ elsewhere in system 400 or may be used in the synthesis gas system or 
ante, C.I s^em or other processes as a fuel, stream 4,6 incudes diluent, H. 

^u, UH4 and some minor compounds. 

The feed 4,4 is delivered to flash drum 4,2 and the flashed light product Is 
delated as feed 4,8 to distllla.on unit 420. Feed 4,8 is the flashed ligh, produ^ 
(preferably a, about ,00 p.g at ,00-200 degrees Fahrenheit,. The gaseous 
effluent is delivered as discharge 422 for use as a fuel gas stream or for other 
processes. 



The heavy F-T products from F-T unit 404 are delivered as feed 424 to 

solids separaUon unit 426. Feed 424 is the FT , . 

abontr .„ K °'"'""^™''-T effluent preferably in the range of 

about C„ to about C„ or greater. Sofids filtraflon may or may no, be required ,f 
equired some solids will be reiected from the process or ^cycled. Removed ' 
OMS 428 may be recy^ed to unit 404. The product conflnues as stream 430 to 
ash d™ 432. Stream 430 isanF-Theavyprcductthatisprefe^blyaboutC. 
.0 about C„ or higher paraffins. The gaseous pmduc, of dn,m 432 Is delivered as 
stream 434 for inclusion with stream 4, 4. The heavy product stream 436 is 
d^vered to distillation unit 420. Stream 434 is a flash vapor from the F-T heavy 
product that is preferably a, about „5 psig and in .he range o, about 300 to 6^ 

grees Fahrenheit. Stream 436 isthe flashed heavy product (pieferablyabout 
1 '5 psig and 300-600 degrees Fahrenheit). 
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Distillation unit 420 produces a plurality of cuts. The following discharge 
streams are preferred from unit 420. Stream 438 is a C4 and below stream, e.g., 
with Butane, etc. Stream 440 is the cut preferably containing a C5 to C20 fuel cell 
fuel. The fuel cell fuel preferably has at least about 77% wt. Paraffin (normal 

5 paraffin and iso-paraffin), less than 20 % wt. Olefins (predominately terminal), less 
than 9 % wt. Alcohols (predominately primary alcohols), less than 0.001 % wt. 
Sulfur, and less than 5 % wt. Aromatics. Stream 444 is a C21+ heavy stream; it is 
the heavy oil separated for further processing by wax finishing, fuels 
hydrocracking, or lubricant isomerization. Steam is supplied as needed through 

10 feed 446. 

Referring now to FIGURE 7, a subsystem 500 may be used with system 
400 of FIGURE 6 to process the C21+ stream 444 from the distillation unit 420. 
Within hydrocracker unit 502, the stream 444 is boosted to hydrocracker operation 
pressures and heated to hydrocracker operation temperatures before being 

15 exposed to the hydrocracking and/or hydrotreating catalyst. A makeup hydrogen 
stream 504 provides the necessary hydrogen for the hydrocracking reaction. 
Stream 506 is the hydrogen purge. Process water is removed as shown by 
stream 508. Preferred parameters for the reaction zone of unit 502 are as 
follows: temperatures between 400-800 degrees Fahrenheit (catalyst average 

20 temperature); pressure ranging between 300-1500 psig (total pressure); LHSV 
ranging from 0.5 to 3.0 h a gas to oil ratio of 1000-10000 SCF/BbI; and finally 
with the hydro-treating and/or hydrocracking catalyst being a noble metal or base 
metal oxide on a zeolite-type support, which is a type known to those skilled in the 
art to which it pertains. 

25 Reactor effluent is cooled and separated via flashing and then fed as light 

hydrocrackate 510 and heavy hydrocrackate 512 to a distillation unit 520. Unit 
520 preferably operates as a steam-stripped column at or near atmospheric 
pressures. In one mode, two light products are produced from this distillation 
column/unit 520. First, a light synthetic paraffin stream 522 that is preferably at 

30 least about C4 or about C5 to about Cg. Second distillate stream 524 is preferably 
about C10 to about C20 and may be used as a fuel cell fuel or a fuel for gas 
turbines or compression ignition engines. Steam is provided as needed at 528. 
The light ends are removed at stream 530. The bottom stream 526 is recycled 
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and has under-converted products that are combined with the feed 444 and 
reprocessed. Recycle operations afford higher yields of middle distillates 
products than a once through arrangement. In the event that a lighter product 
slate .s desired, the cut point between the synthetic distillate 524 and the under- 
converted oil of stream 526 can be reduced and reaction temperature increased 
to yield a lighter product. Also the reaction temperature could be reduced cut 
point increased, and a heavier distillate product 524 would result. Streams 522 
and 524 are both suitable for use as fuel cell fuel separately or in combination or 
further in combination with stream 440 (FIG. 6). 

As an altemative system to that described above (FIGURES 5 and 6) all of 
the light or heavy F-T flash products of streams 418 and 436 (FIGURE 6) or the 
Cs to C^o fuel cell fuel of stream 440 (FIGURE 6) can be taken to a hydrocracker 
unit 502 (FIGURE 7). Distillation unit 420 may or may not be used with this 
process. This would be applicable if a completely saturated (with hydrogen) fuel 
cell fuel is desired. The operation would othenvise be analogous to that described 
in connection with FIGURE 7. 

F. FUEL CELL FUELS MADE WITH BLENDS 

The F-T fuel cell fuel described above may also be made as a blended 
product. An F-T product may be blended with methanol, ethanol. propanol 
butanol. or blends of these alcohols or other fuel species. Also, a fuel cell fuel 
may be made by adding a F-T product to a conventional petroleum fuel feedstock 
Conventional petroleum feed stocks includes gasolines with a C. to Cn boiling " 
range of napthenes. aromatics. paraffins, and olefins; heavy naptha or a kerosene 
(Oe to Cis). and #1 diesel. 



With the blends, the alcohols may be -process alcohols", i.e.. from an F-T 
system as described above, or may be from another process. The preferred 
blends include ethanol and/or methanol and may include a blend preferably 
having greater than 10 wt. % and going up to as much as 95 wt. % of the fuel cell 
fuel. The blends help lower the fuel cloud point, pour points and fuel cell- 
processor activation energy and this may have particular advantages in efforts to 
adapt fuel cells to make practical fuel cell-powered automobiles. Consider that a 
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lower activation temperature in the fuel cell processor may allow quicker start 
times for a fuel cell-powered car. 

The ability of the blends to help lower the activation energy required in the 
fuel cell processor may be seen by considering the following catalytic reforming 
5 temperatures of a experimental gas composition: 

Fuel Species Activation Temperature 

(Peg. Centigrade) 

2-Pentene (Olefin) 670 

Toulene (aromatic) 655 

10 Iso-Octane (paraffin) 630 

Ethanoi (alcohol) 580 

Methanol (alcohol) 450 

The blend may be used as the primary fuel or as a startup fuel which can 
be replaced after startup by a fuel requiring a higher catalyst temperature for 
15 partial oxidation. 

With the above referenced ranges and suggestions, many possible 
blended fuel cell fuels are possible. A few examples follow. A Fischer-Tropsch 
fuel cell fuel made as a blend of process alcohols and a Fischer-Tropsch product 
with between >99 and 70% normal and iso-paraffin, less than 20 wt. % olefins, 

20 less than 0.001 wt. % sulfur, and less than 5 wt. % aromatics. A Fischer-Tropsch 
fuel ceil fuel made as a blend of methanol and a Fischer-Tropsch product having 
between >99 and 5% normal and iso-paraffin, less than 20 wt. % olefins, less than 
0.001 wt. % sulfur, and less than 5 wt. % aromatics. A Fischer-Tropsch fuel cell 
fuel made as a blend of ethanoi and a Fischer-Tropsch product having between 

25 >99 and 5% normal and iso-paraffin, less than 20 wt. % olefins, less than 0.001 
wt. % sulfur, and less than 5 wt. % aromatics. A Fischer-Tropsch fuel cell fuel 
made as a blend of propanol and a Fischer-Tropsch product with between >99 
and 5% normal and iso-paraffin, less than 20 wt. % olefins, less than 0.001 wt. % 
sulfur, and less than 5 wt. % aromatics. A Fischer-Tropsch fuel cell fuel made as 

30 a blend of butanol and a Fischer-Tropsch product having between >99 and 5% 
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normal and iso-paraffin. less than 20 wt. olefins, less than 0.001 wt % sulfur 
and less than 5 wt. % aromatics. 

G. CONCLUSION 

^"'''''^"'^P'^en, invention and i,s advantages have been desortbedin 
de.a , „ Should be understood that various changes, substitutions and a«e,a«ons 
can be made .herein without depaning from the spin, and scope o. invention as 
def,ned by ,ha appended claims. For exampie. components a™j systems shown 
in one embodiment may be Included in other embodiments. 
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1 . A liquid fuel cell fuel comprising synthetic products of Fischer- 
Tropsch processing, including paraffinic and optionally iso-paraffinic 
hydrocarbons, and containing less than 0.001 weight percent sulfur. 

2. A fuel cell fuel according to claim 1 containing less than 5 weight 
percent of aromatics. 

3. A fuel cell fuel according to claim 1 containing tail gas of 
substantially C5 or less. 

4. A fuel cell fuel according to claim 1 containing liquids boiling in the 
range of C5-C20. 

5. A fuel cell fuel according to claim 1 comprising more hydrogen than 
C4, preferably Csand more preferably Ce hydrocarbon species, or more hydrogen 
than gasoline derived from petroleum. 

6. A liquid fuel cell fuel comprising synthetic liquid, gaseous and/or 
vaporous products, preferably predominantly by weight liquid products, of Fischer- 
Tropsch processing, which have optionally been hydroisomerized and/or 
hydrocracked. including paraffinic and optionally iso-paraffinic hydrocarbons, 
having up to about 18, up to about 20 or up to about 22 carbon atoms. 

7. A fuel cell fuel according to claim 1 or 6 containing less than 5 
weight percent or less than 1 weight percent of aromatics. 

8. A fuel cell fuel according to claim 1 or 6 containing small or 
substantial amounts of alcohols, if any, small or substantial amounts of 
unsaturates other than aromatics, if any, negligible amounts of S. and, preferably, 
only negligible amounts of N. 

9. A fuel cell fuel according to claim 1 or 6 containing hydrocarbons in 
the Ci to C4 or Ci to C5 range. 
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10 



A fuel cell fuel according to claim 1 or 6 composed predominantly 
on a weight basis, of hydrocarbons in a range of about C. or C3 and higher. In a 
range of about Cs to about or of about Cs to about C,a. or in the ranges of 
about Cs to about Cg and about C,o to about C20. 



11 



A liquid fuel cell fuel according to claim 1 or 6 comprising a light 
Fischer-Tropsch liquid containing at least 77 wt. % normal and iso-paraffins. less 
than 20 wt. 0/0 Olefins, less than 9 wt. % alcohols, less than 0.001 wt. % sulfur 
and less than 5 wt. % aromatics. 

I'ih f , H '° ' " ' - pontons 

Of the fuel, has/have been subjected to hydrogenation and/or hydrocracking 
treatment. ^ 



13. A fuel cell fuel according to claim 1 or 6 prepared by subjecting a 

Rscher-Tropsch liquid product including hydrocarbons in the range of at least 
about C. or at least about C. and preferably up to about C.a. or higher, to 
hydrotreating and/or hydrociacking. and separating from the product of 
hydrotreating and/or hydrocracking a fuel or fuel component in the ranges of 
about C. or about Cs to about C«,. in the range of about Cs to about C,a. in the 
ranges of about Cs to about C. or about C.. or in the ranges of about C. to about 
or about C20. 

14. According to another aspect of the present invention, a Fischer- 

Tropsch fuel cell fuel is formed as a blend of one or more alcohols (up to 9 w. %) 
and a Fisoher-Tropsch product. ' 

'5- A fuel cell (uei according to claim 1 „t,ich is a blend comprtsing 

F,sct,er.Tropsct, product containing from 70 to more than 99 wt % nomtal and 
iso-parattins. less than ao wt. % oietins, less than 0.00, wt. % eu«ur, les. than 5 
wt ^ aromatics and up to 9 wt. %, based on ttre total weigh, ol blend, of alcohol 
or ateo o,s comprising at least one member o, the group cons,s«ng of methanol 
ethanol. propanol and butanol. 
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1 6. A fuel cell fuel according to claim 6 which is a light Fischer-Tropsch 
liquid having: at least about 20, more particularly at least about 50, preferably at 
least about 77 and more preferably at least about 95 wt. % of normal and/or iso- 
paraffins; less than about 70. more particularly less than about 50, preferably less 

5 than about 35 and more preferably less than about 20 wt. % olefins; less than 5 or 
less than 1 wt. % aromatics; less than 9, more particularly less than 5. preferably 
less than 1 and more preferably less than 0.1 wt. % alcohols; preferably less than 
0.001, more preferably less than 0.0005 and still more preferably less than 0.0001 
wt. % sulfur; and preferably less than 0.050, more preferably less than 0.010. still 
10 more preferably less than 0.001 and yet more preferably less than 0.0005 wt. % 
nitrogen. 

17. A fuel cell fuel according to claim 6 composed predominantly, on a 
weight basis, of material in the C9-C22 range, said hydrocarbons including material 
boiling above and below 700 degrees F.. at least about 50% by weight of the 
material boiling above 700 degrees F. having been subjected to treatment with 

5 hydrogen under conditions sufficient to saturate at least a portion of any aromatics 
and/or other unsaturates that may have been present therein, said fuel comprising 
at least about 99, at least about 99,3 or at least about 99.5% by weight of normal- 
and/or iso- paraffins based on the total weight of hydrocarbons, having less than 
about 500, less than about 200, less than about 100, less than about 50, or 
10 substantially zero ppm of unsaturates, based on the total weight of said fuel, 

having a cetane number of at least about 70, at least about 74 or at least about 
75. and containing less than about 1 ppm, less than about 750 ppb. less than 
about 500 ppb or less than about 300 ppb each of S and N, based on the total 
weight of said fuel. 

1 8. A fuel cell fuel according to claim 1 . 1 6 or 1 7 wherein the fuel 
hydrocarbon content is composed predominantly, or substantially, or entirely of 
material prepared by Fischer-Tropsch synthesis. 

1 9. A fuel cell fuel according to claim 1 , 1 6 or 1 7 wherein the 
hydrocarbon content of the fuel has an iso- to normal- paraffin weight ratio in the 
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range about 0.02:1 to about 20:1, or in the range of about 0.1:1 to about 15:1. or 
in the range of about 0.5:1 to about 12:1 . 

20. A fuel cell fuel according to claim 1 . 1 6 or 1 7 wherein (a) at least 

about 50% by weight of the material boiling below 700 degrees F or (b) 
substantially all of the material boiling above 700 degrees F.. or (c) substantially 
all Of the material boiling below 700 degrees F.. or (d) any combination of (a) (b) 
and/or (c). has been subjected to treatment with hydrogen under conditions ' 
sufficient to saturate at leas, a portion, a substantial portion, or substantially all of 
any aromatics and/or other unsaturates that may have been present therein 



21 . A fuel cell fuel according to claim 1 . 6 or 1 7 wherein the fuel is 

composed predominantly, or substantially, or entirely of material prepared by 
Fischer-Tropsch synthesis, and substantially all of the material prepared by 
Fischer-Tropsch synthesis has been subjected to treatment with hydrogen under 
conditions sufficient to saturate at least a portion, a substantial portion or 
substantially all. of any unsaturates and/or alcohols that may have been present 
therein. 



22. A fuel cell fuel according to claim 1 . 6 or 17 wherein the fuel 
contains less than about 200. less than about 100, less than about 50 or 
substantially zero ppm of C,.-C.. primary alcohol oxygenate, as oxygen, on a 
water free basis, based on the total weight of said fuel. 

23. A fuel cell fuel according to claim 1 . 6 or 17 wherein the fuel has a 
flash point, as measured by ASTM D-93 of at least about 80 degrees F or at 
.east about 1 00 degrees F.. or at least about 1 20 degrees F. or at least about 1 50 
degrees F. 
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24. A fuel cell fuel according to claim 1 , 6 or 17 wherein the fuel has a 
flash point, as measured by ASTM D-93. in the range of about 80 to about 150 
degrees F., or in the range of about 90 to about 130 degrees F, 

25. A method of manufacturing a fuel cell fuel comprising: preparing a 
Fischer-Tropsch product; separating from the Fischer-Tropsch product a light 
portion comprising material in the range of Cs to Cgo or Cas having at least 77 vyrt. 
% normal and iso-paraffins. less than 20 wt. % olefins, less than 9 wt. % alcohols, 
less than 0,001 wt. % sulfur, and less than 5 wt. % aromatics. 

26. A method of manufacturing a fuel-cell fuel according to claim 25 
wherein the fuel contains less than 1 wt. % aromatics. 

27. A method of manufacturing a fuel-cell fuel according to claim 25 
further comprising the step of hydrogenating the light portion. 

28. A method of manufacturing a fuel-cell fuel according to claim 25 
wherein the separated light portion makes up the fuel cell fuel. 

29. A method of manufacturing a fuel cell fuel according to claim 25 
further comprising: separating from the Fischer-Tropsch product a heavy portion 
comprising material in the range of Czu: hydrocracking the heavy portion to 
produce a hydrocrackate; and separating material in the range of Cs to C20 from 
the hydrocrackate. 

30. A method of manufacturing a fuel-cell fuel according to claim 29 
wherein the separated heavy portion makes up the fuel cell fuel. 

31 . A method of manufacturing a fuel cell fuel according to claim 29 
which further comprises the step of hydrogenating the light product stream. 
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32. A method of manufacturing a fuel-cell fuel according to claim 29 or 
31 Wherein the hydrocrackate and the hydrogenated light portion make up the fuel 
cell fuel. 

33. A method of manufacturing a fuel-cell fuel according to claim 25 or 
.29 Wherein the fuel cell fuel is mixed with a petroleum fuel feedstock to provide a 
product with less than about 0.05 wt. % sulfur and less than about 1 0 wt -/o 
aromat.cs. and wherein the resultant product comprises the fuel cell fuel. 

34. A fuel cell system or a system powered by a fuel cell wherein fuel 
according to claim 1 is present in said fuel cell system or in said system powered 
by a fuel call, as the sole fuel or as a blend containing said fuel and another fuel 
component. 

35. A system powered by a fuel cell according to claim 34 wherein said 
system powered by a fuel cell is an aerial, marine or land vehicle or a home or 
business containing appliances that are electrically inter-connected with a fuel cell 
system containing a fuel according to claim 1 or 6. 

36^ A conversion system for converting light hydrocarbons into heavier 

hydrocarbons comprising a synthesis gas subsystem for receiving light 
hydrocarbons and. optionally, other synthesis gas forming reactants. such as 
steam and/or oxygen-containing gas. and for developing a synthesis gas 
therefrom; a synthesis subsystem fluidly coupled to the synthesis gas subsystem 
or receiving synthesis gas therefrom and producing heavier hydrocarbons 
therefrom; a fuel eel, processor fluidly coupled to the synthesis gas subsystem for 
receiving synthesis gas therefrom and preparing the synthesis gas for use in a 
fuel cell as a hydrogen-containing gas; and a fuel cell coupled to the fuel-cell 
processor for receiving a hydrogen-containing gas therefrom and producing 
electrical power. 
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37. A conversion system for converting light hydrocarbons according to 
claim 36 wherein the synthesis subsystem is adapted to produce heavier 
hydrocarbons and tail gas, and the fuel cell fuel processor is adapted to prepare 
the tail gas for use as a hydrogen-containing gas in the fuel cell to produce 
electrical power. 

38. A conversion system for converting light hydrocarbons into heavier 
hydrocarbons including a fuel cell system for receiving light hydrocarbons and 
hydrocarbon reforming reactants, such as steam and/or oxygen-containing gas, 
for generating a first synthesis gas and electrical power; and a synthesis unit 
coupled to the fuel cell for receiving a first synthesis gas therefrom and generating 
the heavier hydrocarbons therefrom. 

39. A conversion system for converting light hydrocarbons according to 
claim 38 further comprising a synthesis gas unit operable to produce a second 
synthesis gas, the synthesis gas unit being fluidly coupled to the synthesis unit. 

40. A method of operating a fuel cell to produce electrical power, said 
method comprising the steps of: providing a fuel-cell fuel comprising synthetic 
products of Fischer-Tropsch processing, including paraffinic and optionally iso- 
paraffinic hydrocarbons, and containing less than 0.001 weight percent of sulfur; 
and supplying the fuel cell fuel to the fuel cell to produce electrical energy 
therefrom. 

41 . A method of operating a fuel cell to produce electrical power, said 
method comprising the steps of: providing a fuel-cell fuel comprising synthetic 
liquid, gaseous and/or vaporous products, preferably predominantly by weight 
liquid products, of Fischer-Tropsch processing, which have optionally been 
hydroisomerized and/or hydrocracked, including paraffinic and optionally iso- 
paraff inic hydrocarbons, having up to about 1 8, up to about 20 or up to about 22 
carbon atoms. 
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42. A method of operating a fuel cell to produce electrical power said 
method comprising the steps of: providing a fuel-cell fuel comprising a light 

Rscher-Tropsch liquid having at least 77 wt. % normal and iso-paraffins. less than 
20 wt^ o/„ ,,,,,3^ ,^33 ^^^^ g ^ ^^^^ ^^^^ ^^^^ ^ ^^^^^^^ ^^^^ 

than 5 wt. o/„ aromatics: and supplying the fuel-cell fuel to the fuel cell to produce 
electrical energy therefrom. 

43. A method of operating a fuel cell according to claim 42 wherein the 
step Of providing a fuel cell fuel further comprises providing a fuel cell fuel having 
less than 1 wt. % aromatics. 

44. A method of operating a fuel cell according to claim 42 wherein the 
fuel cell fuel is a blend of said light Rscher-Tropsch liquid containing from 70 to 
more than 99 wt. % nom^al and iso-paraffins. less than 20 wt. °/o olefins, less than 
0 001 wt. % sulfur, less than 5 wt. % aromatics and up to about 9 wt. %, based on 
he total weight of blend, of alcohol or alcohols comprising at least one member of 
the g«>up consisting of process alcohols, methanol, ethanol. propanol. or butanol 



45. 



All of the inventions explicitly or inherently disclosed herein. 



34 



wo 00/61707 



O.C.G. 

STEAM 



118 



120 



PCT/USOO/08299 



122 



1/e 



TAIL GAS 



110 



SYNTHESIS 
GAS SUBSYSTEM 

112 



T 

124 



UGHT HYDROCARBONS 



123 



SYNTHESIS 
GAS 



134 



126 



SYNTHESIS 
SUBSYSTEM 

116 



BY-PRODUCT 
WATER 

BY-PRODUCT WATER 



STRIPPER 
|_Sl)BSYSTEM 



-114 



138 



TREATED 
WATER 



132 



130 



128 



LIGHT FT 
PRODUCT 

HEAVY FT 
PRODUCT 



FIG, 1 



FIG. 7 



PROCESS 
WATER 



530 




4< 



^; — ^ C5_9 



C 10-20 



STEAM 



wo 00/61707 




PCT/USOO/08299 





wo 00/61707 



CT/USOO/08299 





wo 00/61707 



A" 



6/6 



PCT/USOO/08299 



i 

O 
CO 



CNJ- 



O 



a. 























LU 


o 






+8 










£ 






o o 


UJ 






o 


CO 




LU 








PR 



5: 




INTERNA! 



L SEARCH REPORT 



Inti^^^al application No. 
PCT^WOO/08299 



CLASSIFICATION OF SUBJECT MATTER 
IPC(7) :C10L 1/00. 1/04, 1/16; ClOM 101/02; HOIM 8/00. 8/04. 8/18 
US CL :585/!. 2. 14; 208/14. 15; 429/13. 17, 19 
According to International Patent Classification (IPC) or to both national classification and IPC 



FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 585/1. 2. 14; 208/14. 15; 429/13, 17. 19 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
WEST 

search terms: Fischer-Tropsch, fuel cell, paraffin, isoparaffin 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 
Y 

X 
Y 



US 5,766,274 A (WITTENBRINK ET AL) 16 June 1998 
(16/06/98), See column 1, lines 9-21 and 49-66, column 2, lines 23- 
38 and 64-67 and column 5, lines 15-25. 



US 5,689.031 A (BERLOWITZ ET AL) 18 November 1997 
(18/11/97), See column 1. lines 9-21 and 45-66, column 2, lines 1- 
10 and 35-38, colunrn 4, lines 6-20 and colunm 5, lines 40-45, 



US 3,986,349 A (EGAN) 19 October 1976 (19/10/76), See column 
4, lines 10-16, colunm 5, lines 15-40, colunm 6, lines 49-60 and 
column 7, lines 55-66. 



1-11, 14-16, 18, 
19. 22-26, 28, 33 

34-44 

Ml. 14-16. 18 , 

19, 22-26, 28, 33 

34-44 

1, 6, 12, 13. 17. 

20, 21 



f3c] Further documents are listed in the continuation of Box C. Sec patent family annex. 



SpectaJ categories of cited documenis: 

"A" docvuncnt defining the general stale of the art which is not considered 

(0 be of particular relevance 

'£* earlier document published on or after the intemationai filing date 

"L" document which may throw doubts on priority claim(j) or which is 

cited to establish the publication date of another citation or other 
special reason (as specified) 

"O" doctunent referring to an oral disclosure, use. exhibition or other means 

"P" document published prior to the intemationai filing date but lacer than 

the priority date claimed 



"T" later document published after the international filing date or priociiy 

date and not in conflict with the application but cited to tuidei^ttnd the 
principle or theory underlying the invention 

'X* document of panicular relevance; the claimed invention cannot be 

considered novel or cannot be considered to Involve an inventive step 
when the document is taken alone 

"Y" document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the document is 
combin^<1 with one or more other such documoits. such combination 
being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the intemationai search 
05 SEPTEMBER 2000 



Date of mailing of the international search report 

19 SEP ZOOO 




Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D C. 2023 1 
Facsimile No. (703) 305-3230 



Autlwi7.ed officer 

[NADINE PREISCH 
^Icphonc No. (703) 308-066 1 




Form PCT/lSA/210 (second sheet) (July 1998)* 




INTERNATIONA^^ARCH REPORT 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 



Internationalj 
PCT/USOO/3 



mm 



ition No. 



Categoiy* 



Citation of document, with indicaiion. where appropriate, of the relevant passages 




^.l^:}}^'^^^ ^ ^'^^^'^ AL) 14 November 1978 

.o A ""^^ ^2-68, column 2, lines 5-15 and 

48-60. 

us 4,522,894 A (HWANG ET AL) 1 1 June 1985 (1 1/06/85). See 
column 3. lines 19-25 and 50-68 and column 4, lines 60-64. 

US 5,660,940 A (LARSSON ET AL) 26 August 1997 (26/09/97) 
See column 1, lines 9-15 and 49-55. 

US 5,401,589 A (PALMER ET AL) 28 March 1995 (28/03/95) 
See entire document. 

US HI 849 A (FOURIE ET AL) 02 May 2000 (02/05/00), See 
entire document. 

^ (BORGHARD ET AL) 08 November 1994 
(OS/I 1/94), See entire document. 

US 4,500,417 A (CHEN ET AL) 19 Februao^ 1985 (19/02/85), See 
entire document. 

US 5,292,983 A (SIE) 08 March 1994 (08/03/94), See entire 
document. 



Form PCT/ISA/2I0 (continuation of second sheet) (July 1998) 



INTERN 



^l^AL SEARCH REPORT ^^^^PC 



pnal appiication No. 
JSOO/08299 



Box 1 Observations where certain claims were found unsearchable (Continuation of item I of first sheet) 



This international report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 
Claims Nos.: 45 

— because they relate lo subjea mancr noi required to be searched by this Authority, namely: 
The claim does not define the specific invention to be searched. 



Claims Nos.: 45 

^— * because they relate to parts of the international application that do not comply with the prescribed requirements to such 
an extent that no meaningful international search can be carried out, specifically: 

The claim does not define specific limitations which can be searched. As a result, it is unclear what specific limitations 
are encompassed by the claimed invention. 

3. Claims Nos.: 

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 



Boi II Observations where unity of invention is lacking (Continuation of item 2 of first sheet) 



This International Searching Authority found multiple inventions in this international application, as follows: 



I I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable 



claims. 



2. I I As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment 
of any additional fee. 

3. I I As only some of the required additional search fees were timely paid by the applicant, this international search report covers 
only those claims for which fees were paid, specifically claims Nos.: 



4. j I No required additional search fees were timely paid by the applicant. Consequently, this international search report is 
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 



Remark on Protest | | The additional search fees were accompanied by the applicant's protest. 

I I No protest accompanied the payment of additional search fees. 



Form PCT/ISA/210 (continuation of first sheet(l)) (July 1998)* 




„„s Page Blank (uspto) 



